C ytotoxic T lymphocytes are major players of the antitumor response, as they are involved in the detection and clearance of tumor cells. These CTL generally recognize peptides of 8-10 aa that are derived from the degradation of cellular proteins and are presented at the cell surface by class I molecules of the MHC. A number of antitumor CTL were successfully expanded in vitro by culturing blood or tumor-infiltrating lymphocytes with autologous tumor cells or dendritic cells loaded with peptide or full-length proteins [reviewed in (1) ]. Peptides recognized by these CTL were classified in four categories according to the expression profile of their parental gene (2, 3) (http://www.cancerimmunity. org/peptide/). The cancer germline genes, which include the melanoma Ag gene family, are expressed in a large variety of tumors but not in normal tissues, except the male germline cells (4, 5) . Differentiation Ags such as tyrosinase, gp100 PMEL17 , or Melan-A/ MART-1 are derived from genes displaying a tissue-restricted expression and are therefore expressed in corresponding tumors (6) (7) (8) (9) (10) (11) . Peptides also arise from point mutations (12) (13) (14) or genes that are overexpressed in tumors (15, 16) .
Whereas most antigenic peptides result from the degradation of intracellular proteins by the proteasome, a number of peptides were described whose sequence does not correspond to that predicted from the parental gene or protein. Such peptides were found to arise from pseudogenes (17) , from aberrant transcription of intronic or reverse-strand sequences (18, 19) , and from the translation of alternative open-reading frames (20) or posttranslational modifications such as threonine/serine phosphorylation (21) or asparagine deamidation (22, 23) [reviewed in (2) ]. More recently, we and others described peptides composed of two noncontiguous fragments of a protein that are bound together after the excision of their intervening segment. This process, termed peptide splicing, takes place as a side effect of proteolysis inside the catalytic chamber of the proteasome. Four spliced peptides were described to date. A first peptide, identified by Hanada et al. (24) , is derived from the fibroblast growth factor-5 (FGF-5) and presented by the HLA-A3. It originates from the splicing of fragments NTYAS and PRFK, which are separated by 40 residues inside the parental FGF-5 sequence. A second peptide, encoded by the melanoma differentiation Ag gp100 PMEL17 is made by the association of fragments RTK and QLYPEW, which are distant of 4 aa in the parent protein (25) . The two other spliced peptides described were produced by re-*Ludwig Institute for Cancer Research, B-1200 Brussels, Belgium; † Waloon Excellence in Life Sciences and Biotechnology, B-1200 Brussels, Belgium; ‡ de Duve Institute, Université Catholique de Louvain, B-1200 Brussels, Belgium; verse splicing, that is, splicing of peptide fragments in the reverse order to that in which they appear in the parental protein (26, 27) . One of them is a minor histocompatibility Ag created by a polymorphism in the SP110 nuclear phosphoprotein gene and made after splicing of peptide segments STPK and SLPRGT to create the antigenic peptide SLPRGTSTPK (27) . The fourth antigenic peptide, which is presented by HLA-A24, is produced by reverse splicing of the two tyrosinase fragments ADFSF and IYMDGT. Additionally, this peptide also displays two posttranslational modifications based on the conversion of two asparagine residues into aspartates by deamidation (26) .
We showed that those four peptides are spliced inside the catalytic chamber of the proteasome by transpeptidation. Our model suggests that acyl-enzyme intermediates produced in the course of normal proteolysis can be the target of a nucleophilic attack by the N-terminal amine of a peptide fragment present in the catalytic chamber of proteasome. By outcompeting the hydrolysis process, this reaction leads to the production of a new peptide composed of two noncontiguous fragments of a protein (25) (26) (27) (28) .
In this study, we describe a fifth example of antigenic peptide produced by peptide splicing in the proteasome. This peptide is derived from the gp100 PMEL17 protein, presented by HLA-A*0301 and recognized by a tumor-infiltrating lymphocyte isolated from a melanoma patient. Contrary to the previously described spliced peptides, this 9-aa peptide results from the association of an 8-aa peptide fragment with a single arginine residue. We provide a detailed analysis of the different steps required for the production of this antigenic peptide.
Materials and Methods

Cell lines and tumor-infiltrating CTL
Part of a surgically excised cutaneous metastasis of patient M45 (HLA-A3, B7, B44, Cw5, Cw7) was used to establish the autologous melanoma cell line M45. This cell line was cultured in IMDM (Life Technologies, Carlsbad, CA) containing 10% FBS (Thermo Scientific). Another portion of the tumor was cultured in the presence of rIL-2 (R&D Systems, Minneapolis, MN), as described previously (29) , to allow outgrowth of tumor-infiltrating T cells. This tumor-infiltrating T cell population was cloned under limiting dilution conditions, and stable antitumor CTL clones were selected and expanded by stimulation every 14 d with 1 mg/ml PHA (Sigma-Aldrich, Saint Louis, MO), using irradiated (100 Gy) allogeneic PBMCs and Epstein-Barrtransformed B cells (CAN-EBV, a gift of Dr. E. Warren, Fred Hutchinson Cancer Rresearch Center, Washington University, Seattle, WA). CTL were cultured in IMDM containing 10% human serum (CTL medium), rIL-2 (150 U/ml), and IDO inhibitor 1-methyl-L-tryptophan (200 mM; SigmaAldrich) (30) . Melanoma cell lines M17, M88, and M110 were obtained from other tumors, as described above for M45 (F. Jotereau, unpublished observation). Melanoma cell lines were established in the GMP Unit of Cellular Therapy and in our laboratory from lymph node metastases and belong to the Biocollection PCU892-NL (Centre Hospitalier Universitaire Nantes). The Beurret cell line was obtained from J. F. Doré (INSERM U218, Lyon, France). CAN-EBV B cells were cultured in IMDM supplemented with 10% FBS. COS-7 cells were cultured in DMEM (Life Technologies) supplemented with 10% FBS. Wehi 164 cl13 cells were cultured in RPMI 1640 medium (Life Technologies) supplemented with 5% FBS. All culture media were supplemented with L-arginine (116 mg/l), L-aspargine (36 mg/l), L-glutamine (216 mg/l), penicillin (100 U/ml), and streptomycin (100 mg/ml).
Cytotoxicity assays
Standard chromium release assays were performed, as previously described (29) , by incubating Na 51 CrO 4 -labeled (Perkin Elmer, Waltham, MA) target cells with the CTL at an E:T ratio of 10:1. After 4 h of incubation at 37˚C, 25 mL supernatant was collected and added to 100 mL optiphase supermix mixture (Perkin Elmer) before gamma counting. The percentage specific lysis was calculated as follows: (sample release 2 spontaneous release)/(maximum release 2 spontaneous release) 3 100. The spontaneous release was obtained from targets incubated with medium, and the maximum release from targets incubated with medium containing 1% Triton X-100.
RT-PCR
RT-PCR was carried out as previously described (31) . Briefly, total RNA from melanoma cell lines was extracted using the NucleoSpin RNAII kit (Macherey-Nagel, Dueren, Germany) and reverse transcribed using Moloney murine leukemia virus reverse transcriptase under conditions specified in the kit manual (Life Technologies). cDNA samples were amplified (21 cycles of 1 min at 94˚C, 1 min at 64˚C, and 1 min at 72˚C) using gp100 primers 59-AGTTCTAGGGGGCCCAGTGTCT-39 and 59-GG-GCCAGGCTCCAGGTAAGTAT-39. Aliquots of PCR products were size fractionated on agarose gels, and amplification products were visualized using ethidium bromide.
Transfection of COS-7 cells
Transfection into COS-7 cells was performed using the diethylaminoethyldextran-chloroquine method, as described (32) . In brief, 2.5 3 10 3 (1.5 3 10 4 in Fig. 4 ) COS-7 cells were cotransfected with 200 ng HLA-A*0301 cDNA (50 ng in Fig. 4 ) and 200 ng gp100-derived constructs (50 ng in Fig.  4) . After 24 h, transfected cells were tested for their ability to stimulate TNF release by CTL M45-3B. Briefly, 1.5 3 10 4 CTL were added to the transfected cells in 200 ml CTL medium containing rIL-2 (25 U/ml). Coculture supernatant was collected after 16 h, and their TNF content was measured by testing their cytotoxicity on WEHI 164 clone 13 in a colorimetric assay (9, 33, 34) or by ELISA for TNF-a (Fig. 4) (Life Technologies).
The gp100-derived constructs used for transfection were designed as follows. The cDNA encoding HLA-A*0301 was cloned between the BstXI and NotI sites of pcDNA3. In Fig. 1B , a cDNA spanning the first 2009 bp of the published (35) gp100 cDNA sequence (extending 1985 bp beyond the initiation codon up to the ScaI site) was subcloned between the EcoRI and NotI sites of pcDNA3 (Life Technologies). Various deletion mutants were obtained after digestion and religation of the gp100 sequence into pcDNA3 using ApaI (gp100 ) or KpnI (gp100 ). Other truncated variants were generated by PCR amplification using the following couples of primers: 59-gaattcggagggaagAACACAATGG-39 and 59-tctagaTCAG-TCAGTAATGGTGAAGGC-39, 59-ggaattcGCCACCATGGAAGTGACT-G-39 and 59-tctagaTCAGACCTGCTGCCC-39, and 59-ggaattcGCCAC-CATGGAAGTGACTG-39 and 59-tctagaTCAGTCAGTAATGGTGAAG-GC-39 to produce the subgenic gp100 fragments encoding gp100 1-211, gp100 , and gp100 184-211 , respectively. Each forward primer contains an EcoRI restriction site (underlined), the consensus kozak sequence (italic), and ATG internal sequence codon (bold). The reverse primers all contain a XbaI restriction site (underlined) and a stop codon (bold). These truncated cDNA fragments were all cloned into pcDNA3.
Site-directed mutagenesis
In Figs. 2A and 4 , site-directed mutagenesis was carried out on the gp100 184-211 minigene using the QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA) and the primers listed in Table I .
Peptide electroporation
A total of 2 3 10 6 HLA-A*0301 + CAN-EBV B cells was electroporated, as previously described (25) , in 0.4-cm cuvettes using 400 ml electroporation buffer (K 2 HPO 4 /KH 2 PO 4 [10 mM; pH 7.5], MgCl 2 [1 mM], sucrose [250 mM]) and 100 mM peptide. Electroporation was performed using a Genepulser Xcell electroporator (Bio-Rad, Hercules, CA) functioning in square wave mode with 10 pulses of 0.1 ms at 480 V separated by 1-s intervals. Cells were diluted to a peptide concentration of 6.7 mM and incubated for 4 h in culture medium. Cells were washed and tested for their ability to activate IFN-g production by CTL M45-3B, as follows: 5 3 10 4 electroporated CAN-EBV B cells were incubated overnight in a 96-well plate with 2.5 3 10 4 CTL. As a control, electroporated cells were loaded with antigenic peptide (2 mg/ml) for 1 h and washed. The production of IFN-g was measured by ELISA after an overnight incubation or by FACS staining, as previously described (36) .
Peptide synthesis and recognition assay
Peptides were synthesized on solid phase using conventional fluorenylmethoxycarbonyl chemistry, purified by reverse-phase HPLC to .95% purity, and characterized by mass spectrometry. The lyophilized peptides were dissolved at 20 mg/ml in DMSO and stored at 220˚C. Peptides were loaded onto 5 3 10 4 HLA-A*0301 + CAN-EBV B cells at the indicated concentration (1 h at 37˚C) before addition of the CTL M45-3B (15 3 10 Isolation and fractionation of MHC-bound peptides present on melanoma cells
Peptides were acid eluted from immunopurified HLA class I molecules from 4.4 3 10 9 M45 melanoma cells, as described previously (25) . Peptides were further fractionated by HPLC after injection on a 4.1 3 150-mm ACE Phenyl (Advanced Chromatography Technologies, Aberdeen, U.K.) at a flow rate of 0.9 ml/min with an elution gradient of 4-7% acetonitrile/ 0.1% formic acid (v/v) over 3 min, followed by 7-18% acetonitrile/0.1% formic acid over 30 min. Lyophilized fractions were resuspended in 20 ml water, diluted in 80 ml X-vivo 10 medium (Life Technologies), and loaded in duplicate onto 5 3 10 4 HLA-A3 + CAN-EBV B cells before addition of CTL M45-3B. The IFN-g released in the supernatants was measured by ELISA (Life Technologies) after an overnight coculture.
HPLC and mass spectrometry
Samples were separated by reverse-phase chromatography on a PepMap C18 0.3/15 column (LC Packings, Sunnyvale, CA) and eluted using a 35-min linear gradient of acetonitrile in water (5-50%) containing 0.05% trifluoroacetic acid with a flow rate of 4 ml/min. Mass spectrometry analysis (MS) was performed online with a LCQ Deca XP Plus ion-trap mass spectrometer equipped with an electrospray ionization source (ThermoFinnigan, San Jose, CA) and operated in positive mode with default parameters and active automatic gain control. Mass spectra were acquired in a mode that alternated single MS scans (m/z 300-2000) with tandem MS (MS/MS) scans.
Proteasome inhibition in melanoma cells
Cells were first acid eluted in a glycine buffer at pH 3 for 30 s to release MHC-bound peptides and then neutralized in culture medium. Cells were then treated for 1 h at 37˚C with 60, 125, or 250 nM epoxomicin, as indicated (Sigma-Aldrich), in X-vivo 10 medium (Bio-Whittaker, Walkersville, MD). Cells were washed and incubated for 4 h with lower concentrations of epoxomicin (12.5 nM) in a 6-well plate. Cells were then washed again and tested for their ability to activate IFN-g release by CTL M45-3B, as follows: 5 3 10 4 epoxomicin-treated cells were incubated overnight in a 96-well plate with 25 3 10 3 CTL. As a control, electroporated cells were loaded with antigenic peptide (2 mg/ml) for 1 h and washed. The production of IFN-g was measured by ELISA (Life Technologies) after an overnight incubation.
Proteasome digestions of synthetic peptides and CTL assay of the digests
Standard proteasome was purified from human erythrocytes, as described earlier (37) . Digestion of the precursor peptides was performed by incubating 5 ( Fig. 3B ), 2 ( Fig. 3C ), and 1 (Figs. 5, 6) mg peptide with 1 mg proteasome in 20 ml Tris 10 mM (pH 8) at 37˚C. In Fig. 5 , 2 mM putative spliced fragment was added to each mix. Digestions were stopped at indicated time by the addition of 2 ml 10% trifluoroacetic acid, lyophilized, and resuspended in 20 ml water. In Fig. 3B , each digest was diluted in 100 ml X-vivo 10 medium and pulsed in duplicate wells containing 5 3 10 4 CAN-EBV B cells expressing HLA-A*0301. CTLs (25 3 10 3 /well) were added after 30 min of incubation, and the production of IFN-g in supernatants was measured by ELISA after an overnight coculture. For the other experiments, the digests were analyzed by mass spectrometry.
Results
CTL M45-3B recognizes an unconventional HLA-A*0301-restricted peptide derived from the melanoma Ag gp100
By culturing fragments of a cutaneous melanoma metastasis with IL-2 in limiting dilution conditions, we isolated a CTL clone (M45-3B) that was able to lyse the autologous tumor line M45 as well as three allogeneic melanoma cell lines expressing HLA-A*0301 and gp100 (38) (Fig. 1A) . Because the CTL clone did not lyse any of the HLA-A*0301 2 /gp100 + or HLA-A0301 + /gp100 2 cell lines tested (data not shown and Fig. 1A ), the peptide recognized by CTL M45-3B was most likely encoded by gp100 and presented by HLA-A*0301.
To identify the region of gp100 containing the peptide recognized by CTL M45-3B, we produced truncated gp100 cDNA fragments and cloned these cDNAs into expression vector pcDNA3. These constructs were transfected into COS-7 cells together with the HLA-A*0301 cDNA, and their ability to activate CTL M45-3B was tested in a TNF release assay (Fig. 1B) . This showed that the peptide recognized by CTL M45-3B was localized within a 28-aa fragment spanning residues M 184 to D 211 .
Potential peptide candidates contained in this 28-aa fragment were synthesized and tested for their ability to activate CTL M45-3B. Surprisingly, none of these peptides was recognized by the CTL, suggesting that the gp100-derived epitope recognized by CTL M45-3B might arise from a posttranslational modification (Supplemental Fig. 1A) .
Identification of the peptide recognized by CTL M45-3B
To identify which residues in this 28-aa fragment (M 184 -D 211 ) were important for immunogenicity, we produced a series of minigenes encoding the 28-aa precursor with alanine substitutions at every position (Table I) . These mutated constructs were tested for their ability to activate the CTL after transfection into COS-7 cells. Modification of the aa 191-193 and 195-203 reduced CTL recognition, indicating that these sequences were important for generation and/or recognition of the epitope (Fig. 2A) . Electroporation of EBV-B cells with truncated peptide fragments confirmed the importance of these sequences (Supplemental Fig. 1B ).
We and others reported the existence of antigenic peptides containing noncontiguous fragments of the parental protein, which are spliced together in the proteasome by transpeptidation (24) (25) (26) (27) (28) . We therefore considered the possibility that the peptide recognized by CTL M45-3B could also be produced by peptide splicing. This was a tempting possibility as we noted that fragment 195-203, which is required for the recognition of the 28-aa precursor, only partially contained the binding motif of HLA-A*0301 (i.e., L, V, M, or S in position 2; Y in position 3; and a basic amino acid at the C terminus), as it contains the SY motif, but lacks the R or K residues required at the C-terminal position. Interestingly, a basic C-terminal residue could easily be provided by reverse splicing of one of the arginines present at position 191 or 192. To test this possibility, 96 potentially spliced peptides were synthesized and grouped into 15 pools (Supplemental Fig. 2A) , five of which corresponded to a reverse splicing in the 192-202 region of gp100, whereas the 10 other pools corresponded to a reverse splicing in the region 186-202. These 15 pools were loaded onto HLA-A*0301-positive CAN-EBV B cells and tested for CTL recognition (Supplemental Fig. 2B) . Among the 15 pools tested, 7 were positive (red in Supplemental Fig. 2A) . Each of these 7 positive pools was fractionated by HPLC, and the fractions were tested for CTL recognition as previously. Peptides present in each positive fraction were identified by tandem mass spectrometry (red in Supplemental Fig. 2A) , synthesized, purified, and tested for CTL recognition (Fig. 2B) . One of them, peptide RSYVPLAH_R, was efficiently recognized by the CTL (50% activation at a concentration close to 50 nM). Longer peptides GSRSYVPLAH_R, SRSYVPLAH_R, and RSYVPLAH_RR induced a 50% activation of the CTL at a peptide concentration close to 1 mM (Fig. 2B) . Finally, peptide RSYVPL_YHR was also recognized by the CTL but required an even higher concentration of peptide (50% activation at a concentration between 1 and 3 mM). To determine which peptide candidate was naturally found at the surface of the autologous tumor, we acid eluted the MHC class I-linked peptides from M45 melanoma cells, separated the peptides by HPLC, and tested each fraction for recognition by CTL M45-3B (Fig. 2C ). The positive fraction had a retention time of 11 min, which corresponded to the retention time of the peptide RSYVPLAH_R fractionated in the exact same conditions, suggesting that the 9-aa peptide RSYVPLAH_R is the natural antigenic peptide presented by M45 melanoma cells to the HLA-A*0301-restricted CTL M45-3B.
Peptide RSYVPLAH_R is spliced and reordered in the proteasome
We previously demonstrated that spliced antigenic peptides are produced by transpeptidation inside the catalytic chamber of the proteasome (25) (26) (27) (28) . This process involves the production of an acyl-enzyme intermediate between a peptide fragment and the hydroxyl group of the N-terminal threonine of the catalytic subunit. In the course of proteolysis, this acyl-enzyme intermediate is rapidly hydrolyzed by water molecules present in the catalytic chamber. During the peptide-splicing process, however, the N terminus of other peptides present in the chamber can compete with water molecules to produce a nucleophilic attack on the acyl-enzyme intermediate, thereby creating a new spliced peptide by transpeptidation.
To assess the role of the proteasome in the processing of the RSYVPLAH_R peptide, we treated the autologous melanoma cell line M45 with increasing concentrations of the specific proteasome inhibitor epoxomicin. This treatment decreased CTL recognition in a dose-dependent manner, suggesting that proteasome inhibition prevents processing of the RSYVPLAH_R peptide (Fig. 3A) . To confirm the role of the proteasome in the reverse splicing, we incubated purified 20S standard proteasomes with the 17-or 18-aa precursors gp100 [192] [193] [194] [195] [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] or gp100 [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] . Digests were then pulsed onto HLA-A*0301 + CAN-EBV B cells and tested for CTL recognition. As expected, only digests containing proteasomes and the precursor peptides were recognized by CTL M45-3B (Fig.  3B) , confirming the ability of the proteasome to produce the antigenic peptide from these precursor peptides.
Mechanisms involved in the splicing and reordering of peptide RSYVPLAH_R
To define the mechanism of production of spliced peptide RSYVPLAH_R, we first located the sites of proteasome cleavage using mass spectrometry to identify the fragments present in a digest obtained with a 22-aa precursor peptide (Fig. 3C) . Interestingly, one of the cleavages was observed after residue H 202, which is the last residue of the N-terminal fragment of the spliced peptide. This indicated that the proteasome was able to form the acyl-enzyme intermediate required for production of peptide RSYVPLAH_R. Multiple other cleavages were also observed around the arginines R 191 and R 192 , which can compose the C-terminal residue of the spliced peptide.
We then set out to define which arginine residue was involved in the splicing reaction and contributed the C-terminal position of the antigenic peptide. The 28-aa-long precursor fragment contains three arginines, as follows: R 191 , R 192 , and R 195 . Because R 195 corresponds to the N-terminal residue of the antigenic peptide and is therefore not expected to be involved in the production of the C terminus of the same peptide, we studied the involvement of the other two arginines, R 191 and R 192 , in the splicing process. To this end, we produced minigenes encoding a truncated variant of gp100 (gp100 184-211 ), in which R 191 and/or R 192 were mutated into alanine(s). These constructs were transfected in COS-7 cells together with the HLA-A*0301 cDNA, and transfected cells were tested for CTL recognition (Fig. 4) . Substitution of either R 191 or R 192 appeared to reduce CTL recognition by half, suggesting that The Journal of Immunologyeither arginine could generate the C terminus of the antigenic peptide. Surprisingly, the substitution of both R 191 and R 192 did not completely abrogate peptide presentation (Fig. 4) , suggesting that the C-terminal arginine could also originate either by splicing of R 195 from a second molecule of the same peptide or by splicing of the N-terminal arginine from an unrelated peptide fragment. This observation was reinforced by the positive CTL response observed after electroporation of the RSYVPLAHS peptide into EBV-B cells (Supplemental Fig. 1B) . In vitro, the generation of the antigenic peptide from the RSYVPLAHSSSAFT 195-208 precursor by purified 20S proteasomes was also observed (Supplemental Fig. 3 ). It confirms our previous observation that the production of antigenic peptides can also occur by trans-splicing, that is, through the splicing of fragments originating from distinct molecules (28) . Nevertheless, we observed that this phenomenon only minimally contributed to the production of peptides in physiological conditions (28) . The experiment shown in Fig. 4 was performed using peptideencoding minigenes overexpressed after transfection into COS-7 cells using a plasmid amplification system. These artificial conditions may explain why we detected trans-splicing in this experiment. To avoid the formation of the antigenic peptide by transsplicing in our in vitro digestion experiments, we chose to acetylate the N-terminal arginine of each precursor peptide used in subsequent in vitro digestions, to prevent the nucleophilic attack of the acyl-enzyme intermediate (25) .
Production of the peptide RSYVPLAH_R involves the addition of single arginine to the peptide RSYVPLAH. In an attempt to reproduce this reaction in vitro, we incubated 20S standard proteasomes with the precursor peptide Ac-RSYVPLAHSSSAFT [195] [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] , which is required to produce the acyl-enzyme intermediate, and with arginine for the splicing reaction (Fig. 5) . However, we did not detect peptide Ac-RSYVPLAH_R in the digest by tandem mass spectrometry, suggesting that the splicing reaction required a fragment longer than one residue. We then incubated 20S standard proteasomes with the precursor peptide Ac-RSYVPLAHSSSAFT [195] [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] and arginine-containing fragments comprising 2, 3, or 4 aa (RR [191] [192] ). Only digests performed with fragments larger than 2 aa contained the corresponding spliced products Ac-RSYVPLAH_RRG, Ac-RSYVPLAH_RGS, and Ac-RSYVPLAH_RRGS, suggesting that the peptide fragment producing the nucleophilic attack on the RSYVPLAH-containing acyl-enzyme intermediate must be at least three-residue long (Fig. 5) . We then wondered whether the minimal length requirement for the C-terminal nucleophile was particular to our epitope or a more general constraint. We therefore digested pairs of peptides corresponding to precursor fragments of three other spliced peptides derived from gp100 or FGF-5 ( Fig. 5) (24,  25) . Interestingly, in all cases, peptide splicing could not be detected when it involved nucleophile fragments shorter than 3 or 4 aa. Longer fragments of up to 10 residues could also be spliced, with the exception of those longer than 8 aa in the case of the FGF-5 splicing. The latter observation might be sequence related, resulting from the peptide's inability to accommodate the nucleophile-binding channel.
Thus, the splicing reaction produces C-terminally elongated peptides that may need a further trimming to produce the final antigenic peptide. To determine whether the proteasome was able to perform the final trimming step required for the release of the peptide RSYVPLAH_R, we incubated 20S standard proteasomes with peptides Ac-RSYVPLAH_RGS, Ac-RSYVPLAH_RRG, and Ac-RSYVPLAH_RRGS and searched the digests for the presence of the antigenic peptide Ac-RSYVPLAH_R by mass spectrometry (Fig. 6 ). The antigenic peptide was most efficiently produced from precursor Ac-RSYVPLAH_RGS, indicating that the proteasome can trim this spliced peptide to produce the final antigenic peptide. Peptide trimming was not observed in the absence of proteasome or when lactacystin was added in the digestion mixture.
From these observations, we conclude that the production of the antigenic peptide RSYVPLAHR occurs in two steps (Fig. 7) . In a first step, an elongated spliced peptide is produced by reverse splicing of an N-terminal arginine-containing peptide, such as RGS, onto an acyl-enzyme intermediate involving one catalytic subunit of the proteasome and fragment RSYVPLAH. The resulting elongated spliced peptide RSYVPLAHRGS is then trimmed by the proteasome to produce the final antigenic peptide RSYVPLAHR.
Discussion
In this study, we identified a new tumor antigenic peptide, RSYVPLAHR, presented by HLA-A*0301 melanoma tumor cells FIGURE 5 . The peptide fragment that is spliced needs to be at least 3 aa long. Precursor peptides (Ac-RSYVPLAHSSSAFT, RTKAWNR, and NTYASAIH) were incubated 60 min with 20S proteasomes alone or with fragments from 1 to 10 aa (1-4 for Ac-RSYVPLAHSSSAFT). Each digest was then analyzed by tandem mass spectrometry to identify the corresponding spliced product. The MS/MS value (arbitrary units) obtained for each spliced peptide is shown, and the sequence of the peptide detected is indicated on the right panel. N-terminal acetylation of precursor peptide RSYVPLAHSSSAFT was required to prevent the production of spliced peptides by trans-splicing (Supplemental Fig. 3) . N-terminal acetylation of each C-terminal reactant peptide fragment completely prevented the production of the spliced peptide (data not shown). Data are representative of two independent experiments. FIGURE 6. Proteasome trimming of the C terminus of the spliced peptide. N-terminally acetylated peptides Ac-RSYVPLAHRGS, Ac-RSYVPLAHRRG, and Ac-RSYVPLAHRRGS were incubated with 20S proteasomes in presence or in absence of 20 mM lactacystin. Peptide Ac-RSYVPLAHR was searched in the digests by mass spectrometry after 15, 30, and 60 min. Arrows indicate time points corresponding to ∼40% degradation of the precursor peptide (Ac-RSYVPLAHRGS: 60 min, 42%; Ac-RSYVPLAHRRG: 15 min, 48%; Ac-RSYVPLAHRRGS: 15 min, 36%). Precursor peptides were acetylated at their N terminus to prevent the production of spliced peptides by trans-splicing. Detection limit is ,5 (arbitrary units). Data are representative of two independent experiments. and produced by the splicing of two noncontiguous fragments of the melanoma differentiation Ag gp100. Contrary to the other spliced peptides described to date, which were composed of partner fragments each containing 3-6 aa (24) (25) (26) (27) , the peptide RSYVPLAHR is produced by the addition of a single arginine residue to the C terminus of fragment RSYVPLAH. We showed that this arginine residue originated from either R 191 or R 192 , which are found upstream the RSYVPLAH 195-202 fragment in the gp100 protein sequence. By transfecting COS-7 cells with subgenic fragments of gp100 containing alanine substitutions of both R 191 and R 192 , we observed that the antigenic peptide could also be produced at a low level by trans-splicing, using the N-terminal arginine R 195 of a second molecule of the same peptide precursor or by splicing of the N-terminal arginine of an unrelated peptide fragment. Although trans-splicing was previously found to occur during in vitro digestion (28, 39), its efficiency was very low in physiological conditions of cells expressing full-length protein substrates (28) . We conclude that trans-splicing only minimally contributes to the production of spliced antigenic peptides in cells.
In keeping with our previous observations on other spliced peptides, we confirmed the role of the proteasome in the splicing of peptide RSYVPLAHR. The catalytic mechanism involved appears identical to that proposed for the other spliced peptides, that is, a transpeptidation occurring at the N-terminal threonine residue of the catalytic subunit of the proteasome and involving an acylenzyme intermediate (Fig. 7) (25-28) . Because creation of peptide RSYVPLAHR requires the splicing of a single arginine residue, we wondered whether this arginine residue originated from the splicing of a single amino acid or of a longer peptide fragment bearing an arginine at its N-terminal end. We therefore performed a series of proteasome digests assessing the splicing of C-terminal splice fragment of decreasing sizes. We could not detect splicing of a single amino acid, nor splicing of fragments shorter than three residues. This was also true for three distinct spliced peptides that we studied in a similar way. We conclude that the splicing requires a minimal size of three residues for the C-terminal spliced fragment acting as the nucleophile.
The efficiency of peptide splicing most probably depends on the ability of the nucleophile peptide fragment to compete with water molecules and attack the acyl-enzyme intermediate. Among the factors involved are the relative concentration and life span of the nucleophilic peptide in the catalytic chamber, the nucleophilicity of its N-terminal end, and its orientation relative to the ester bond of the acyl enzyme intermediate. Constraints that might influence these parameters are the distance of the nucleophile from the ester bond of the acyl-enzyme intermediate and its positioning into the catalytic pocket, two parameters that were suggested to influence the efficiency peptide splicing (39, 40) . Ideal positioning might be better achieved with longer peptide fragments that would fit more tightly into the nucleophile-binding channel. This binding channel was recently suggested to be distinct from the primed substratebinding channel, forming an additional pocket where the C-terminal reactant peptide would be accommodated awaiting for the splicing to take place (39) . In line with our data, the sequence and length of the C-terminal nucleophile might therefore be critical for the binding into this pocket and the ability of peptides to perform splicing. Moreover, proper positioning of the nucleophile peptide in the binding channel might allow a better activation of the peptide N-terminal end by basic amino groups found in the pockets, increasing its nucleophilicity by attracting a proton, as it is the case for water molecules during proteolysis (40, 41) .
The fact that the nucleophile needs to be at least 3 aa long implies that the production of the final antigenic peptide reported in this study requires a second round of proteolysis, occurring after splicing. We did not formally exclude that this additional trimming step could be performed by another protease, but our data show that the proteasome itself is able to perform this trimming step. This final trimming could therefore take place in the wake of the splicing event, in the course of substrate progression inside the catalytic chamber. Alternatively, trimming might take place during a second round of proteasome degradation, once the extended spliced peptide has left the catalytic chamber. The probability that both splicing and trimming happen in the same sequence of events inside the proteasome seems higher, as the chance that the peptide reaches another catalytic subunit is higher when the fragment is already inside the chamber. Moreover, exit of the spliced precursor from the catalytic chamber would also increase the probability that it gets degraded before reaching the catalytic chamber again.
Studying the proteasome cleavage preferences of the extended spliced precursors, we observed that the antigenic peptide was produced preferentially from precursor RSYVPLAH_RGS rather FIGURE 7 . Mechanism of reverse splicing by the proteasome. Model for the catalytic mechanism producing the reverse spliced peptide RSYVPLAHR. The hydroxyl group of a catalytic threonine of the proteasome produces a nucleophilic attack on the peptide bond after histidine 202, leading to the production of an acyl-enzyme intermediate comprising a peptide fragment (shown in red) attached to the catalytic subunit of the proteasome by an ester link. A nucleophilic attack of this ester link by the N terminus of another peptide fragment (shown in blue), which results from the cleavage of the same protein by another catalytic subunit of the same proteasome particle, leads to the production of a spliced peptide bearing an extended C terminus. This peptide is further trimmed by the proteasome to release the antigenic peptide RSYVPLAHR.
than from precursors RSYVPLAH_RRGS and RSYVPLAH_RRG. This suggests that cleavage of our precursor by the standard proteasome is more efficient when the P19 position corresponds to a glycine rather than an arginine residue. Contrasting results regarding the preference of the proteasome for glycin or arginine in position P19 were previously obtained (42, 43) . This might be related to the fact that first, precursor peptides or proteins are different in nature and size, and second, cleavage preferences are also influenced by residues present in positions other than P19.
To date, all the spliced antigenic peptides described contained a C-terminal partner peptide of 4-6 aa. In this work, we describe an antigenic peptide that only requires the addition of a single amino acid. Theoretically, this should increase the probability of production of this peptide, because whatever nucleophile peptide containing an arginine at its N terminus and able to bind the proposed nucleophile-binding channel could be used to generate a spliced extended precursor. Our experiments show that production of the RSYVPLAHR peptide could already rely on two different arginine residues. The only additional requirement is that this extended precursor still needs to be adequately trimmed to produce the final antigenic peptide.
The existence of spliced peptides generated by the final addition of a single amino acid further strengthens the notion that peptide splicing by the proteasome increases the diversity of the peptide repertoire presented by MHC class I molecules. Although only five antigenic peptides were identified to date, the number of spliced peptides effectively produced and presented at the cell surface might be much higher than originally expected, despite the low efficiency of the peptide-splicing reaction in vivo (25) . This is supported by the works from Liepe et al. and Mishto et al. (39, 44) , who revealed that the proteasome produces a large number of spliced peptides of adequate length for presentation on MHC class I molecules.
